Studies of body weight and mortality sometimes exclude participants who have ever smoked or who may have had preexisting illness at baseline. This exclusionary approach was applied to data from the National Health and Nutrition Examination Surveys to investigate the potential effects of smoking and preexisting illness on estimates of the attributable fractions of US deaths in 2000 that were associated with different levels of body mass index (BMI; weight (kg)/height (m) 2 ). Synthetic estimates were calculated by using postexclusion relative risks for BMI categories in place of BMI relative risks from the full sample, holding the relative risks for all other covariates constant. When the postexclusion relative risks were used, the attributable fractions of deaths associated with underweight and with higher levels of obesity increased slightly and the attributable fractions of deaths associated with overweight and with grade 1 obesity decreased slightly. The relative risks for BMI categories did not show large or systematic changes after simultaneous exclusion of ever smokers, persons with a history of cancer or cardiovascular disease, and persons who died early in the follow-up period or had their heights and weights measured at older ages. These analyses suggest that residual confounding by smoking or preexisting illness had little effect on previous estimates of attributable fractions from nationally representative data with measured heights and weights. body mass index; body weight; confounding factors (epidemiology); epidemiologic methods; health surveys; mortality; overweight; thinness Abbreviations: BMI, body mass index; NHANES, National Health and Nutrition Examination Survey.
In population studies of weight and mortality, weight categories are usually defined using body mass index (BMI; weight (kg)/height (m)
2 ) (1). In many studies, a plot of mortality relative risk against BMI is U-or J-shaped, with a nadir around a BMI of 25 (2) (3) (4) (5) (6) . Mortality risk, then, tends to increase not only as BMI increases above 25 but also as BMI decreases below 25. Thus, the mortality risk in the overweight category (BMI 25-<30) may be similar to or even below that in the normal weight category (BMI 18.5-<25).
It is sometimes suggested that this observed U-or Jshaped weight-mortality association may be an artifact due in part to the operation of ''reverse causation.'' Reverse causation in general refers to a situation where the outcome affects the exposure, rather than the exposure's affecting the outcome. For example, in the epidemiologic literature, reverse causation has been invoked as a possible explanation for a number of apparent effects: effects of poverty on health (poor health may instead lead to poverty) (7) , antibiotics on asthma (asthmatics may instead be more prone to infections) (8) , coffee drinking on fetal death (unrecognized early fetal death may instead be associated with higher coffee consumption) (9), Parkinson's disease on smoking (Parkinson's disease may instead reduce the likelihood of smoking) (10) , and exhaustion on heart disease (unrecognized heart disease may instead lead to exhaustion) (11) .
In the case of weight and mortality, reverse causation cannot strictly operate, as mortality does not affect prior weight. In this context, ''reverse causation'' is often used to refer to the effect of illness on both weight and mortality. It is hypothesized that preexisting illness at baseline, possibly undetected, is associated both with prior weight loss and with increased probability of death. This might more properly be considered an issue of confounding or effect modification by preexisting illness or by illness-induced weight loss rather than true reverse causation. According to Manson et al. (12, p. 355 ), ''Clinical or subclinical illness can reduce body weight, thereby attenuating the weight-mortality association. . . [T] he weight loss associated with illness will lead to an underestimate of the weight-mortality slope throughout the weight range.'' According to Willett et al. (13, p. 428) , ''Reverse causation is the most serious problem associated with using total mortality as an outcome; people frequently lose weight as a result of an illness that is ultimately fatal, a situation that creates the appearance of higher mortality among those with lower weights.''
Smoking is another factor associated with both lower weight and increased probability of death. According to Willett et al. (13, p. 428) , ''A second major concern is that confounding factors may distort the association between body weight and mortality. Smoking is particularly important, because smokers tend to weigh less and to have much higher mortality rates than nonsmokers.'' Controlling for confounding by smoking and preexisting illness through exclusion rather than statistical adjustment is sometimes recommended. For example, according to Stampfer (14, p. 476) , ''The best way to assess the impact of overweight on risk of mortality is simply to exclude current and past smokers.'' This exclusionary approach has been applied in a number of large prospective studies (3) (4) (5) . The exclusionary approach is designed to adjust the weightmortality relative risks for confounding by factors such as smoking, but it does not supply information on the effects of the confounding factors themselves on mortality. Because of the lack of information on confounding factors, the exclusionary approach is not appropriate for estimating attributable fractions for the entire population; it is appropriate only within the subgroup of the population that remains after the exclusions.
Previous research using national survey data with measured heights and weights found that overweight was associated with slightly decreased mortality relative to the normal weight category and that underweight (BMI <18.5) was associated with slightly increased mortality (15) . Although those results were adjusted for smoking status, there has been some concern that bias due to confounding or effect modification by smoking and preexisting illness might have affected the results (16, 17) . Some previous results have already been reported to address these issues (15, 18) . The purpose of this study was to apply the exclusionary approach to national survey data in order to investigate the potential effects of confounding or effect modification by baseline illness and smoking on the estimates of attributable fractions of deaths associated with different BMI levels.
MATERIALS AND METHODS
All data in this report came from the National Health and Nutrition Examination Survey (NHANES), a series of surveys conducted by the National Center for Health Statistics. In each survey, a different nationally representative crosssectional sample of the US population was interviewed and examined. To estimate relative risks, we used baseline data from NHANES I (1971-1975) , NHANES II (1976 -1980 , and NHANES III (1988) (1989) (1990) (1991) (1992) (1993) (1994) and subsequent mortality data running through 1992 for NHANES I and NHANES II and through 2000 for NHANES III (18) (19) (20) (21) (22) (23) (24) (25) . In each survey, height and weight were measured using standardized procedures. BMI was calculated as weight (kg) divided by height (m) squared.
We calculated relative risks (hazard ratios) using Cox proportional hazards models with age as the time scale (26) . Because the proportional hazards assumption was not met across the range of age, we divided the age data into three strata (25-<60, 60-<70, and 70 years) and fitted models separately within each age stratum. Because age was the time scale, these age strata refer to attained age rather than age at baseline. For analysis, we grouped BMI as follows: <18.5 (underweight), 18.5-<25 (normal weight; reference category), 25-<30 (overweight), 30-<35 (grade 1 obesity), and 35 (grade 2-3 obesity). The model included BMI categories, sex, smoking status (never, former, or current smoker), race/ethnicity (White, Black, or other), and alcohol consumption categories in g/day (none, <0.07, 0.07-<0.35, or 0.35).
Attributable fractions were calculated as previously described by applying the relative risks for all covariates from these models to the NHANES 1999-2002 data (15) . Within each age stratum, we first calculated the relative risks from a data set with combined data from NHANES I, NHANES II, and NHANES III. We then applied each set of relative risks in turn to the current distribution of the covariates (BMI category, sex, smoking status, race/ethnicity, and alcohol consumption) in the general population, which was estimated from the NHANES 1999-2002 cross-sectional survey data. Within each age group, we calculated the relative risk r i corresponding to each combination, i, of BMI level and the levels of the other covariates. The relative risk r i for a given combination was calculated as the product of the adjusted relative risks for BMI and the other covariates in that combination. From the NHANES 1999-2002 crosssectional survey data, we estimated the corresponding prevalence of the risk factor combination, p i . The mortality rate for a given age group was calculated as R ¼ I P r i p i , where I was the mortality rate for persons who were at the reference level for BMI and all other covariates and the sum was the sum over all i risk factor combinations. We calculated r i * as the ''counterfactual'' relative risk, in which BMI is set to the reference level but all other risk factors for each participant are left unchanged. The hypothetical counterfactual mortality rate from moving all participants to the reference weight category was R* ¼ I P r i *p i . The proportion of deaths attributable to nonreference weight categories was calculated as (R -R*)/R. Because the factor I cancels out, the attributable fraction depends only on the relative risks and prevalences of the covariates. This approach accounts for confounding by all covariates in the model.
The estimated number of excess deaths associated with a given BMI level and age group was then calculated by multiplying the total number of deaths for that age group in the year 2000 by the attributable fraction for that BMI level. The attributable fraction for the whole sample was calculated by summing estimated excess deaths across age groups and dividing by the total number of deaths for all age groups.
We then applied to the NHANES I, NHANES II, and NHANES III data a set of sequential exclusions taken from published recommendations to exclude people with conditions (such as preexisting illness or smoking) that could lead to both weight loss and increased mortality risk. First, participants with cancer or cardiovascular disease at baseline were excluded. Second, participants who had ever smoked (both current and former smokers) were also excluded. Third, participants who died within the first 3 years of follow-up were excluded. In addition, because of concerns about weight measured at older ages, participants whose weight and height measurements were taken at age 70 years or above were excluded. These exclusions were applied sequentially; therefore, the group of participants measured before age 70 years consisted of never smokers who were free of cancer or cardiovascular disease at baseline, who had not died in the first 3 years of follow-up, and who had had their weight and height measured before age 70 years.
We calculated relative risks for each BMI category using the full sample of combined NHANES I, II, and III followup data and then after applying the exclusions. However, our method of estimating the attributable fraction of deaths also uses relative risks for the other factors in the model and applies all relative risks to the current joint distribution of BMI and the other factors. To evaluate the impact of exclusions, we maintained the original relative risks associated with the other factors in the model (sex, smoking, racial/ ethnic group, and alcohol consumption) but substituted the relative risks for BMI categories from the sample with exclusions instead of the relative risks for BMI categories calculated from the full sample. This allows the use of relative risks for smoking even when smokers are excluded from the sample used to estimate the relative risks for BMI categories. This set of relative risks was then applied to the joint distribution of the covariates in the full NHANES 1999-2000 sample.
Using BMI relative risks based on exclusions provides a sensitivity analysis with which to isolate the potential impact of the exclusions on the attributable fractions of deaths, independently of any changes in the relative risks for the other covariates. (We do not recommend this procedure for estimating attributable fractions or excess deaths in the entire population, however, because it does not take into account empirical data from the excluded portions of the population.)
As the various exclusions are made, the balance among the three surveys providing follow-up data can also change (i.e., a given exclusion may result in deleting a higher proportion of deaths in one survey than in another). In addition, the available weight loss variables differed across surveys. Thus, further examination of these issues was carried out within each individual survey.
To maintain adequate sample sizes for the within-survey analyses, we used two age groups (<70 years and 70 years) and the following BMI categories: <22, 22-<25 (reference category), 25-<30, and 30. We carried out analyses similar to those above, with the additional exclusions in NHANES II and NHANES III of participants who had lost weight. In NHANES II, participants who responded affirmatively to a question on whether they had lost weight in the past 6 months without intending to were excluded. In NHANES III, participants whose self-reported weight 10 years previous to baseline was more than 2.5 kg higher than their self-reported weight at baseline were excluded.
Data were analyzed using the SAS for Windows (release 9.1; SAS Institute Inc., Cary, North Carolina) and SUDAAN (release 9.0; RTI International, Research Triangle Park, North Carolina) software programs. All analyses included sample weights that accounted for the unequal probabilities of selection due to oversampling and nonresponse. All variance calculations incorporated the sample weights and accounted for the complex sample design.
RESULTS
The number of deaths and the unweighted sample size for each exclusion criterion are shown in table 1. Note that these sample sizes refer to the number of participants with data for each age group and that participants originally examined in one age group who survived to enter another age group would have been counted in both age groups. However, deaths were counted only once, in the age group in which the death occurred.
Cumulatively, these exclusions resulted in the deletion of large numbers of participants and a high proportion of deaths. After all exclusions, only 20 percent (198/976) of the deaths in the age group 25-<60 years, 14 percent (200/ 1,406) of the deaths in the age group 60-<70 years, and 13 percent (782/6,036) of the deaths in the age group 70 years remained. With this sequence of exclusions, the largest proportionate reduction in sample size was seen from the deletion of ever smokers. The effects of exclusions on unweighted sample sizes, numbers of deaths, and person-years are shown in table 2 by BMI category.
The relative risks are also shown in table 1 for the full sample and after each exclusion. In the full sample, relative risks were generally near 1.0 for all BMI categories, with the highest relative risks being found either in the underweight category (in two age groups) or in the most obese category (in one age group). Exclusion of participants with cancer or cardiovascular disease at baseline had little effect on the relative risks. For the overweight category (BMI 25-<30), relative risks were always less than 1 and remained so after each exclusion. For the underweight category (BMI <18.5), grade 1 obesity (BMI 30-<35), and higher levels of obesity (BMI 35), relative risks did not change uniformly across age groups. In most cases, differences between relative risks for the full sample and relative risks calculated after exclusions were small.
Results from sensitivity analyses summarizing the effect of exclusions on the estimated attributable fractions of deaths are shown in table 3. These are synthetic estimates, arrived at by using the postexclusion relative risks for BMI categories in place of the BMI relative risks from the full sample, holding all of the relative risks for other covariates constant, and applying these results to the NHANES 1999-2002 data. When the postexclusion BMI relative risks were used, the estimated attributable fractions of deaths associated with underweight and with higher levels of obesity increased and the estimated attributable fractions of deaths associated with overweight and with grade 1 obesity decreased.
Survey-specific relative risks obtained using different BMI categories are shown in table 4. The effect of exclusions was variable within the six survey-age group categories and did not show systematic effects.
DISCUSSION
It has been suggested that to estimate relative risks correctly in studies of weight and mortality, participants who have ever smoked or who may have lost weight prior to baseline due to preexisting illness should be excluded from analysis, because smoking and illness-induced weight loss may both modify the weight-mortality relation. However, in these NHANES data, the use of a set of simultaneous exclusions related to smoking and baseline illness in most cases had little effect on estimated relative risks or attributable fractions for BMI categories, and the effects of exclusions often pointed in the direction opposite that predicted. These exclusions resulted in the elimination of a large proportion of the sample and consequently a large proportion of deaths in the sample. After all exclusions, only 17 percent of the deaths occurring among younger people and only 13 percent of the deaths occurring among older people remained. This is typical of the effects of such exclusions. For example, in the Nurses' Health Study cohort, Manson et al. (4) began with 4,726 deaths among women with no history of cancer or cardiovascular disease, but after exclusions for smoking, early deaths, and weight stability, their final analyses included only 531 deaths (11 percent of the total). Similarly, in their final analyses, Lee et al. (5) included only 510 (12 percent) of the 4,370 deaths occurring in the Harvard Alumni Health Study among men who were free of heart disease, cancer, and stroke at baseline. In Cancer Prevention Study II, a large study that contained over 1 million participants, 24 percent of the deaths among men and 26 percent of deaths among women occurred among nonsmokers without a history of disease at baseline (3).
The exclusion of such a large proportion of the sample leads to some loss of power to detect statistically significant associations. Typically, the relative risks for mortality associated with weight categories are low, being generally below 2 and often well below 1.5. These relatively weak associations make it difficult to detect statistically significant effects when the sample size and numbers of deaths are reduced. Thus, the individual relative risks are often not statistically significant, and only an overall test for trend shows significance. The reduced sample size and lower power would make it more difficult to detect a nonlinear relation if one existed. Some research has suggested that the effect seen from deleting smokers, for example, is similar to that seen from simply randomly deleting the same number of subjects (27) . The estimated attributable fractions will have increased variability in studies with many exclusions, but attributable fraction estimates depend on the point estimates of relative risks, not on the variances of the relative risk estimates. If the point estimate of relative risk is lower, the estimated attributable fraction of deaths will be lower.
In Cancer Prevention Study II, even after exclusions the plot of mortality relative risk against BMI was U-shaped, and through much of the range of BMI there was little difference between the various subgroups of smokers and nonsmokers with or without a history of illness at baseline (3) . A large cohort study in China with measured heights and weights similarly showed little effect of exclusions based on smoking status, alcohol consumption, and baseline illness (28) .
Exclusions for early mortality, for history of specific diseases, and for weight loss before or shortly after baseline have been proposed as methods of reducing potential bias due to illness-induced weight loss prior to baseline (12, 13, 16) . These exclusions, however, provide only indirect evidence regarding the issue of whether illness-induced weight loss has occurred before baseline and whether such weight loss has biased the results. Depending on the characteristics of the subgroup, confounding by other variables might even be increased after such exclusions. In studies with self-reported weights and heights, differences in reporting error patterns between the full sample and the subgroup could also potentially affect the results.
Estimates of relative risk can be translated into corresponding estimates of attributable fractions of deaths and excess deaths in a particular population, if the relative risks apply to that population. The various exclusions can be regarded as sensitivity analyses with respect to relative risk, but it is not clear to what population these various relative risks would apply. These sensitivity analyses offer no indication that the previous results for excess deaths were substantially biased by these factors. The relative risks for BMI categories did not show large or systematic changes after exclusion of ever smokers, persons with a history of cancer or cardiovascular disease, and persons who died early in the follow-up period or had their heights and weights measured at older ages.
The variances and confidence intervals for estimates of excess deaths are calculated by taking into account the variability in the estimated relative risks and in the estimated joint distribution of BMI and other covariates in the model. These estimates are calculated using data across all age groups. Thus, even if the relative risks within smaller age groups are not statistically significant, the overall estimate of excess deaths can still be statistically significantly different from zero. It could be inaccurate, therefore, to conclude from the confidence intervals for the relative risks that an overall estimate of excess deaths would not be statistically significant.
The relative risks for overweight and obesity in table 3 are somewhat larger than those in table 1, because we used a BMI of 22-<25 as the reference category in table 3 in order to have sufficient numbers of deaths in each BMI category to examine the effects of exclusions. This reference category has lower mortality rates than the widely used normal weight reference category, BMI 18.5-<25. Additionally, the estimates shown in table 3 incorporate weight loss history and indicate that within a given survey there were no strong or systematic effects of exclusions.
Members of a cohort initially categorized by BMI level, smoking, and health status may change their characteristics over time, leading to complex effects on mortality rates. In an observational study, it is unlikely that any simple analysis, such as regression adjustment for baseline covariates or exclusions based on initial smoking or health status, can accurately and completely characterize the association between baseline levels of BMI and mortality. In an experimental study, it is difficult to define the causal effects of weight on mortality separately from the effects of the specific interventions employed in the study. Nonetheless, measures such as the attributable fraction of deaths or the numbers of excess deaths associated with BMI levels provide useful summaries of the association between BMI and mortality in the population.
These sensitivity analyses suggested that residual confounding by smoking or preexisting illness had little effect on previous estimates of attributable fractions from nationally representative data with measured heights and weights. 
